Abstract -High-resolution pH measurement is important for biomedical, food, pharmaceutical industries as well as agricultural/environmental monitoring. Among the pH-meters, FET sensors (pH-FETs) offer several advantages, such as, higher sensitivity, lower cost, and smaller size. In this paper, we develop a physics-based (Verilog-A) compact model to simulate dc, quasi-static transient, small-signal, and noise performance of pH-FET sensors. The Verilog-A implementation would allow pH-FET integration with complex signal processing circuits, and prediction of the integrated performance. The model predicts that FET thermal noise dominates in subthreshold, while FET flicker noise dominates above threshold. The minimum pH resolution is dictated by an interplay of FET and electrolyte noise sources, which are in turn functions of transistor geometry and operating condition. For a given technology node, if the sensor is designed to operate in subthreshold regime, pH-FET with shorter but wider channel has better pH resolution. In contrast, for sensor designed to operate in the inversion regime, longer and wider channel is preferred. Finally, we demonstrate the utility of the Verilog-A implementation by circuit simulation of a low-power sensor interface.
of certain diseases, such as, acidosis, and so on, which can be fatal in extreme cases [2] . The solubility, stability, and permeability of a drug through biological membrane also depends on pH [3] , and therefore, a precise measurement using a miniaturized sensor can be very useful. Furthermore, the solubility of heavy metals, such as lead, zinc, and copper, in soil is also dependent on the pH [4] , and hence, pH measurement is also important for environment.
Ion-sensitive FETs (ISFETs) [5] have garnered considerable attention due to their compactness, low-cost, and ease of fabrication. Recently, FET-based pH-sensors (pH-FETs) have also been used for human genome sequencing [6] [7] [8] . Several commercially available pH-FETs achieve pH resolution as low as 0.01 units (for example, MiniLab H137 ISFET pH Meter [9] ). The resolution of a pH-FET is technology and geometry specific, and as such, it is desirable to have a compact model that anticipates the optimum operation of the sensor in complex analog circuits where biasing configuration may change over time. The sensor resolution is dictated by sensitivity as well as the noise. Rajan et al. [10] experimentally demonstrated that signal-to-noise ratio (SNR) of silicon nanowire (Si-NW) biochemical sensors is maximized in the linear regime, close to point of peak transconductance. Theoretical analysis by Go et al. [11] shows that the SNR of doublegated FET (DGFET) pH sensor is the highest in depletion regime, and predicted that, in principle, a pH resolution of ∼0.001 is achievable. Deen et al. [12] performed numerical simulations of planar FET biosensor to show that the noise is minimum in subthreshold region of operation. However, in both these analyses, FET thermal noise was not considered, which (as discussed later) can have significant contribution to total noise in subthreshold-region. Moreover, as the FET geometry evolves, and as pH-FET's integration with complex signal processing circuits becomes feasible, the validity of some of the conclusions, obtained for isolated transistors with specific geometry and bias conditions, cannot be guaranteed.
In this regard, it is desirable to have a generalized compact model which can evaluate the performance of the sensor in terms of its SNR for arbitrary device geometry and operating conditions. Indeed, there are several reports of compact modeling for the analysis of dc operation of FET-based pH sensors. For example, Massobrio et al. [13] , Grattarola et al. [14] , and Martinoia et al. [15] developed a physical model for dc analysis of planar ISFET and incorporated it into SPICE to predict response of different oxides to pH sensing and analyze nonideal effects in ISFETs. Later, Martinoia and Massobrio [16] incorporated the model as a behavioral macromodel in HSPICE. Fernandes et al. [17] included biomolecule charge as an ion-permeable charged membrane, and implemented the resulting dc model in HSPICE. Livi et al. [18] proposed a Verilog-A model for the dc analysis of Si-NW pH sensors. These early works are certainly useful, however, the utility of the existing model will broaden significantly if we can improve the dc model by accounting for the bias dependencies of interface/electrolyte capacitances and generalize the model to calculate transient and small-signal responses, so that one may predict signal-to-noise performance of the sensor, integrated within a complex signal processing environment.
Therefore, in this paper, we develop a physics-based compact model for dc, quasi-static transient, small-signal, and noise-analysis of FET-based pH sensors, implemented in Verilog-A. Compared with a SPICE-based model, a Verilog-A implementation has several advantages.
1) Verilog-A models are described at higher levels of abstraction, so that future improvements/generalization are easily implemented.
2) It allows the use of limiting functions [19] , such as limexp, which improves the convergence of the simulator running the model. 3) Furthermore, one can integrate nonelectrical components, such as a microelectromechanical system sensor [20] , in Verilog-A.
Therefore, a Verilog-A implementation can be used for system integration of different lab-on-a-chip components. The model presented here is versatile and can describe the pH sensing operation of different classes of FET sensors [see Fig. 1(a) ], such as single-gated FET and DGFET.
The model can describe the operation of sensors with sensing surface (gate oxide or functional groups) having groups which can either accept a single proton (H + ) or donate a single proton (for example, hydroxyl groups, −OH and amine group, −NH 2 ). For the dc model, we assume that MOSFET charge is negligible. The approximate result is correct within 3% of the numerical simulation results for typical operational range of pH sensor, i.e., when pH is away from point of zero charge. For simplicity of the transient model, we assume that all the changes in pH or ionic concentration are instantaneously mixed in the solution, i.e., we assume quasi-steady state. The transient model describes the response of the sensor to abrupt changes in bias. The model is utilized as follows.
1) Determine dc, quasi-static transient, and small-signal characteristics of pH-FET sensor and electrolyteinsulator-metal system. 2) Determine the dominant noise mechanism for the sensor, and find the optimal operating point for improving the sensor resolution. 3) Demonstrate circuit simulation of a low-power sensor interface. This paper is organized as follows. In Section II, we discuss the model system and the compact models for dc, ac, quasistatic transient, and noise analysis of the FET pH sensors. We validate the model with available experimental data in the literature. In Section III, we use the model to determine the noise associated with the electrolyte and the FET. Furthermore, we determine the pH resolution as a function of the gate bias, and show that the minimum resolution is dictated by an interplay of noise due to both FET and electrolyte. Next, we show that for a given technology node, if the sensor is operating in subthreshold-regime, FET length should be decreased and width increased for minimizing noise (improving pH resolution), while for the sensor operating in inversionregime, both length and width should be increased. Finally, we demonstrate the use of compact model in determining the sensitivity of a sensor interface to the pH changes.
II. MODEL SYSTEM
The resolution ( pH resolution ) with which a signal can be reliably differentiated from noise is given by
where δV noise is the noise and S the sensitivity. In order to determine the pH resolution, we need to determine both S and δV noise .
In this section, we discuss the dc, quasi-static transient, ac, and noise model for FET pH sensors. The response of the pH-FET sensor is described by the site-binding model [21] which relates the surface charges due to protonation/deprotonation of surface groups to the pH. pH-FET sensor is modeled as two decoupled circuit elements. First element accounts for electrolyte and pH-responsive protonation/deprotonation. This element takes into account the ionic concentration (i 0 ), pH, and the number density and protonation/deprotonation constants of the groups. Second element describes the operation of the FET transducer which accounts for the FET geometry (for example, gate oxide thickness, channel length, width, and so on) and material parameters (for example, oxide dielectric constant, channel dielectric constant, intrinsic carrier density, and so on). The decoupling of the model into two parts allows the model to describe the operation of a range of FET pH sensors as shown in Fig. 1(a) . Fig. 1(b) shows the dc model for the pH-FET. Table I describes the model equations, and Table II describes the  symbols used in Tables I, IV , and V. The electrolyte part is modeled as a nonlinear voltage source (ψ e (pH)) whose voltage is dependent on pH, ionic concentration, i 0 , the number density of the surface ionizable groups, i.e., N AH for the amphoteric groups and N B for the basic groups (for example, A ≡ RO− and B ≡ R − NH 2 can describe pH sensors with hydroxyl and/or amine groups), and their respective dissociation/association constants [see (3) and (4) in Table I ]. The potential (ψ e ), i.e., the difference between the potential at electrolyte/insulator interface (V g,eff ) and the liquid gate voltage (V lg ) is a function of the pH [see (8) and (9) in Table I ]. The pH of the solution is represented as a voltage source, V pH with value equal to the pH.
A. DC Compact Model
In order to determine the pH dependence of ψ e , we solve the charge neutrality equation [see (2) in Table I ] in Verilog-A. The MOSFET charge (σ mos ) is assumed negligible compared with electrolyte (σ dl ) and surface (σ surf ) charges for the calculation of ψ e . The electrolyte double layer charge (σ dl ) is expressed in terms of the potential (ψ 0 ) at the outer Helmholtz plane [21] , the dielectric constant of the liquid solution (ε w ), the ionic concentration (i 0 ), and the temperature (T ) [see (7) in Table I ]. The surface charge is expressed in terms of ψ e and the surface parameters [see (5) in Table I] [21]- [23] . The potentials, ψ e and ψ 0 are related by (6) , where C stern is the [16] . Parameters: pK a = −2, pK b = 6, pK n = 10, N OH = 2 x 10 14 cm −2 , and N nit = 4 x 10 14 cm −2 . (b) I-V characteristics obtained from [11] . Parameters: pK a = 6, pK b = 10, Ns = 8 x 10 14 cm −2 , and C stern = 20 μF/cm 2 [21] . (2) and (5)- (7) gives an implicit equation for ψ e [see (8) in Table I ] which is implemented in Verilog-A as a nonlinear voltage source.
Previous dc models for pH-FET sensors [13] [14] [15] , [16] , [18] approximate σ dl to be a linear function of ψ 0 . Numerical results (not shown) show that this approximation leads to 6% error in ψ e . Therefore, in our dc model, we accurately incorporated the exponential bias dependence of σ dl (7) in (8) . We implement the sinh function in terms of limexp function (an advantage of Verilog-A as compared with SPICE) which restricts numerical overshoot during successive iteration, and thereby improves the rate of convergence toward the final solution. "limexp(x)" function returns the exponential of x, however, it internally limits the change of its output from iteration to iteration in order to improve convergence [19] .
Once ψ e is known, the effective gate voltage on FET is known, i.e., V g,eff = V lg + ψ e . The FET part of the model is represented by any compact model supported by the circuitsimulator, namely, single-gated MOSFET, a multi-gated FET or more generally, an externally defined Verilog-A FET model. Fig. 2 (a) and (b) shows the validation of the dc model with experimental data reported in [16] (Si 3 N 4 surface has both −NH 2 groups and −OH groups) and [11] (Al 2 O 3 surface has only −OH groups), respectively. Despite of the assumption [11] and [16] and are well known for Si 3 N 4 and Al 2 O 3 surfaces. The value of C stern is kept fixed to that reported in [21] . An implementation of the dc model in Verilog-A is available at nanohub.org [24] .
B. Transient Model
The transient response of a pH-sensor is governed by two processes: the convection/diffusion of H+ ions to the sensor surface (diffusion time) and the response of the sensor to the changes in proton concentration on its surface (response time). Diffusion time depends on various factors, such as flow rate, size/shape of the fluidic channel, and so on that defines the ion transport time to the sensor and can be independently calculated [25] . For simplicity, we assume that the changes in pH and ionic concentration are instantaneously mixed into the solution. Fig. 1(c) shows the transient model for the pH-FET. Again, the model is comprised of two decoupled elements, one for the electrolyte and electrolyte/insulator interface, and other for FET (or insulator).
The quasi-static assumption allows the transient model of the electrolyte and electrolyte/insulator interface to be described in terms of three capacitors and one resistor: 1) the double layer capacitance (C dl ); 2) stern capacitance (C stern ); 3) the capacitance due to the charging/discharging of the surface ionizable groups (C surf ); and 4) electrolyte resistance, (R s ) originating from the finite conductivity of ions present in the solution. Typically, reference electrodes are large as compared with the sensor area ( A), and therefore, R s can be expressed using (13), Table IV [12] , where κ is the electrolyte conductivity. We assume that the reference electrode is an ideal faradaic electrode, i.e., it does not have any resistance to charge transfer (charge transfer resistance, R ct → 0) and the mass transfer impedance is negligible (Z w → 0) [26] . Therefore, there is no potential drop at the electrode-electrolyte interface.
Yang et al. [27] showed that if the capacitors are nonlinear functions of bias, the formulation of transient currents in terms of capacitors instead of charges leads to an error in calculated nodal voltages/currents. Therefore, the transient current through the electrolyte is defined directly in terms of the charges [see (15) - (17) in Table IV ], since the electrolyte (σ dl ) and the surface charges (σ surf ) are nonlinear functions of bias [see (5) and (7) in Table I ]. I (n i , n j ) denote the current flowing from node i to node j [see Fig. 1(c) and (15)- (17)], and V (n i ,n j ) denote the voltage across the nodes i and j [see Fig. 1(c) , (14) , and (17)].
Unlike the dc model, where the MOSFET charge is assumed negligible, the transient model solves the system self-consistently and appropriately sets the voltage at the gate oxide/electrolyte interface. Fig. 3(a) shows the comparison of the I -V characteristics obtained from a dc sweep (lines) and a transient gate voltage sweep (symbols) of pH-FET for a 130-nm bulk MOSFET technology. The transient sweep rate of 1 V/s was chosen for the simulation. Despite the simplifying assumption in the dc model that the electrolyte and the FET part can be decoupled, both the models match remarkably well, particularly for higher pH values (when the surface charge is relatively large), indicating that MOSFET charge can be assumed negligible.
C. Small-Signal Compact Model
For small-signal (ac) analysis using dc operating point, the small signal currents across nodes n 2 − n 4 are expressed directly in terms of the capacitors [see (18) in Table V] . Both, C dl and C surf are nonlinear functions of the dc potentials ψ 0 and ψ dl [see (19) and (20) in Table V ]. Bousse and Bergveld [28] showed that if frequency is very high, ions are not able to respond instantaneously to the applied ac bias. This introduces an additional frequency-dependent impedance term, i.e., Warburg impedance in series with C surf . However, at low frequencies, this component is not important [12] and can be neglected. Note that, as is conventional for circuit simulation, we use a very high resistance (not shown) in parallel to the capacitors (i.e., between nodes n 2 − n 4 ) to make sure that all nodes have a dc path to ground.
For small-signal analysis using transient operating point, the currents are defined directly in terms of charges [see (14) - (17) in Table IV ]. The transient operating point is obtained by ramping both the pH and V lg as a function of time to the values at which the small-signal analysis is done. The obtained operating point is used to evaluate the small-signal response. Such a functionality to run small-signal analysis after a transient analysis is available in many circuit simulators, such as HSPICE [29] . The small-signal analysis using transient operating point is more accurate (due to inherent self-consistency in calculation of ψ e and ψ 0 because the FET charge is not neglected) as compared with dc operating point. However, the latter is computationally less intensive and yields similar results. Fig. 3(b) shows the validation of the ac model for a metal-oxide-electrolyte system using both dc (solid lines) and transient operating point (dashed lines) simulations. The model shows excellent agreement with the experimental data obtained from [28] , confirming that both dc and transient models can be used for small-signal analysis. Fig. 1(d) shows the noise model for the pH-FET sensor. The reference electrode is assumed to be ideal so that its noise is negligible. (21) in Table VI ]. The electrolyte noise is inversely proportional to the conductivity (κ) of the solution [see (13) in Table IV ]. The lower the electrolyte concentration, higher the thermal resistance and higher the electrolyte noise.
D. Noise Compact Model
The drain current noise (ī d 2 ) due to the FET is sum of the channel thermal noise (S I,Thermal ) and flicker noise (S I ,Flicker ). For HSPICE simulations, we use BSIM thermal noise model [see (22) in Table VI] and BSIM unified flicker noise model [see (24) in Table VI ] which is valid in all regimes of operation, including subthreshold-region and the inversion region. Briefly, BSIM thermal noise model can be expressed in terms of the inversion charge (Q inv ), the effective carrier mobility (μ eff ) and an additional noise parameter (NTNOI) which can be used to account for short-channel effects in MOSFET.
The BSIM flicker noise is described using (24) in Table VI , where S I ,inv and S I ,sub are the flicker noises for the inversion and subthreshold regime, respectively. The flicker noise is a function of the oxide-trap density (N t ) and the mobility scattering coefficient (α) through parameters (NA, NB, and NC), the tunneling parameter (λ), the device length and width, either explicitly or implicitly through the drain current (I ds ), oxide capacitance (C ox ) [30] . In addition, we use a simplified thermal noise model (see (23) in Table VI ) and n − μ flicker noise model (see (25) in Table VI ) to understand the results intuitively.
The net-input referred noise voltage (δV noise ) can be expressed as the sum of the electrolyte noise, and the MOSFET channel and thermal noise [see (26) in Table VI] , where G is the gain from the liquid-gate terminal (v lg ) to the MOSFET drain terminal (v d ) [see Fig. 1(c) ]. The upper limit of the noise-bandwidth ( f high ) depends on the measurement frequency, and the lower limit of the noisebandwidth ( f low ∼ 1/τ ) depends on the time (τ ) for which the measurement is carried out.
III. RESULTS AND DISCUSSION
As discussed earlier, pH resolution of the FET sensor is dictated by both the sensitivity (S) and total noise due to FET and electrolyte (δV noise ) [see (1)]. S depends on pH, the surface parameters (surface ionizable group density and equilibrium constants) and ionic concentration. Fig. 4(a) shows the surface potential change (−ψ e ) and the sensitivity (S = −dψ e /dpH) as a function of the pH of the solution for a SiO 2 sensing surface. Fig. 4(a) illustrates that the sensitivity is maximum away from the point of zero charge, pH pzc (=2 for SiO 2 ) of the surface. Since, ψ e is independent of the operating regime for pH-FET, S is independent of the bias regime of the operation. Therefore, the operating point for the optimum pH resolution of pH-FET is dictated solely by its noise performance and not the sensitivity.
A. Noise Due to Different Sources in pH-FET 1) Thermal Noise Due to Electrolyte: Fig. 4(b) shows the plot of the noise spectral density (S R s ) obtained from HSPICE simulations due to the electrolyte thermal noise as a function of ionic concentration for a different gate area.
Although the simulations were done on a 130-nm bulk MOSFET technology [31] with different gate areas, the electrolyte noise is independent of operating point and technology node of the FET as long as the area of the sensor ( A) remains the same. S R s varies inversely with both the ionic conductivity and the square root of the area [see (13) in Table IV and (21) in Table VI] . Therefore, δV R s ,noise varies as, δV
high [see (13) in Table IV and (21) and (26) in Table VI ], since f high f low for typical measurement conditions (we use f high = 1 kHz and f low = 0.1 Hz). The smaller the ionic concentration/sensor area or larger the measurement frequency, the higher is the noise due to the electrolyte. Although, the conclusions related to the electrolyte noise are similar to the theoretical analysis by [11] and [12] , the implementation of electrolyte noise in Verilog-A would allow to determine the impact of device level noise in complex signal processing circuits.
2) FET Thermal Noise: Fig. 4(e) shows the dependence of FET thermal noise on the gate bias (V lg ) for a 130-nm bulk MOSFET technology (see Fig. 4(c) for transfer characteristics) with L = 10 μm and W = 100 μm. The solid lines refer to the HSPICE simulations using the BSIM model [see (22) in Table VI ] and the dashed lines represent the simulation using the simplified thermal noise model [see (23) in Table VI ]. The results can be understood intuitively using simplified model as follows: At low V lg , the channel resistance is very high (g m is small) as there are very few charge carriers in the channel. This leads to a very large input-referred channel thermal noise spectral density [S V ,R ch ∼S I ,R ch /g 2 m , refer (26) in Table VI ]. As V lg increases, g m increases [see Fig. 4(d) ] leading to a decrease in the thermal noise. Finally, the thermal noise voltage increases again due to reduction in g m because of mobility degradation due to surface roughness scattering. A larger drain bias (V ds ) results in an increased g m , and hence, the input-referred noise voltage is lower at higher V ds .
3) FET Flicker Noise: The BSIM flicker noise model [see (24) in Table VI ] accounts for the noise due to both oxidetrap-induced carrier number and correlated surface mobility fluctuation mechanisms. Fig. 4(f) shows the HSPICE simulation for the flicker noise spectral density (solid lines) at f = 1 Hz using the BSIM noise model for different drain biases. In order to interpret the results, we match the BSIM flicker noise model results with the n − μ model [see (25) in Table VI and Table VIII] . The results can be understood as follows: At low V lg , the input-referred noise spectral density, S V ,1/ f ≈ S VFB [see (25) in Table VI ]. As V lg increases, the transconductance efficiency, η = g m /I ds decreases and hence, flicker noise, S V ,1/ f ∼ 1/η 2 increases. For a larger V ds , the device is in saturation and hence η is larger. Therefore, the noise is smaller for larger V ds . Fig. 5(a) shows the dependence of the input referred noise voltage (δV noise ) as a function of V lg due to different noise sources. Fig. 5(a) shows that the point of minimum noise is dictated by an interplay of FET thermal and flicker noise as well as electrolyte noise. While thermal noise dominates at low V lg , flicker noise is dominant noise source at large V lg . Near the onset of inversion, the electrolyte noise is the dominant noise source. Fig. 5(b) shows that the pH resolution ( pH resolution ) of the device follows δV noise , since the pH sensitivity (S) is constant with respect to V lg . pH resolution is minimum close to the onset of inversion. Also, as expected, the noise analysis, using both the dc and transient models, gives the same result. While Rajan et al. [10] attributed the minimum noise for their biochemical sensors to the bias-dependent trapdensity, our analysis indicates that the noise minimum can also occur due to the increase in thermal noise as V lg decreases.
B. Point of Minimum pH Resolution

C. Impact of Sensor Scaling
Over the past 30 years, the electronic industry has seen an exponential decrease in the transistor size for smaller footprint, higher speed and lower power consumption. However, for pH-FET sensors, the scaling of transistors need not improve the pH resolution. As an example, we consider different channel lengths and widths for a 130-nm process technology node. The short-channel effects are captured by use of BSIM4 MOSFET model. We show that for a given technology node, scaling of transistor need not be an appropriate choice. [see Fig. 6(d) ]. Therefore, if the sensor operation is desired at low V lg (subthreshold regime), L should be reduced and W increased. However, if sensor operation is desired at high V lg (in inversion regime), both L and W of the sensor should be increased. To summarize, the scaling considerations for the pH-FET sensor require a careful investigation of noise. The compact model allows to investigate the impact of sensor scaling on the noise (and therefore pH resolution) in a simple way without complex numerical simulations.
IV. CIRCUIT DEMONSTRATION
The ultimate goal of any compact model is to be able to determine the operation of a circuit for a given set of parameters. Therefore, in order to demonstrate the capability and robustness of the compact model, we performed circuit simulation using Spectre on a sensor interface shown in Fig. 7 [32] . The interface consists of three NAND gates, two inverters, one analog switch, and one capacitor. The interface converts pH modulation to modulation of pulse width (T PW ). This interface is less sensitive to the supply voltage noise and more power efficient than typical transimpedance amplifier-based design [32] . Also, since the output signal is in the time domain, i.e., pulse width, rather than the voltage or current domain, it is expected to have a wide dynamic range. Fig. 7(b) shows the signal response of the interface at different operational stages. First, the active-high V SW signal changes from HIGH to LOW at the rising edge of the CLK signal and turns the switch OFF. This initiates the discharging of the node V PD and the V PD signal starts to decrease. Once the V PD signal reaches the inverter IN 1 threshold voltage (V TH ), the output of the inverter IN 1 pushes the V SW signal to HIGH, leading to the capacitor discharging. The V PWM signal is the inverse of the V SW signal (i.e., V PWM = V SW ). The pulse width (T PW ) of the V PWM signal can be related to the current, I pH−FET through pH-FET as follows:
CV TH I pH−FET (27) where C is the external capacitor connected to the pH-FET. Fig. 7(c) shows T PW as a function of the pH. As the pH increases, the current through the pH-FET decreases leading to an increase in T PW [see (27) ]. The nonlinearity with respect to the pH comes due to nonlinear nature of surface-potential [see Fig. 4 (a)] and inverse relationship of T PW with respect to I pH−FET . The illustrative example demonstrates that the compact model can be easily integrated into any complex integrated circuit. Future work will involve the noise optimization and temperature compensation of the circuit using the compact model. V. CONCLUSIONS We have developed a physics-based (Verilog-A) compact model to characterize the dc, transient, small-signal and noise responses of FET based pH sensors. The physics of surface charging due to change in solution pH is captured in terms of a simplified pH dependent voltage source for the dc model and bias-dependent capacitive components for the transient model. AC model is formulated in terms of both dc and transient operating point. The noise for the electrolyte resistor is modeled and compared with FET noise. Simulations show that while FET thermal noise dominates in subthreshold, flicker noise dominates in inversion. The sensitivity is maximized near the onset of inversion and the minimum noise is dictated by all three noise components. For sensors designed to operate in subthreshold regime, pH-FETs with shorter but wider channel have better pH resolution. In contrast, for sensors operating in the inversion regime, longer and wider channels are better. The demonstrative use of compact model in sensor interface shows its robustness for optimization of a range of circuits, such as, pH-based genome-sequencers, and so on.
